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An investigation has been made of the  two-dimensional aerodynamic 
characteristics of several mACA airfoil  sections at four Reynolds nudbers 
from 2.0 x 10 6 to 0.7 x 10 6 . The group of airfoils  tested  consisted of 
four NACA 64-series  sections varying in thiclmess fram'9 percent  to 
18 percent  and having design lift  coefficients of O . k ,  and two RACA 
230-series  sections of 12-percent  and 15-percent thichesa. Aerodynamic 
data  for  the range of Reynolds numbers f r o m  2 .O X 10 to 0 .7 x 10 6 6 
were  obtained f o r  each of these airfoils,  both with and without  split 
flaps, in the -0th condition end with roughened leading edges. The 
results OP this  investigation,  together w i t h  previously publiehed 
data f o r  the same afrPoils at Reynolds  numbers of 9 -0, 6 -0, and 3 .O X 10 6 , 
are included in the present paper. 

' The minimum drag of each of the smooth airfoils  increased  progres- 
sively  as the Reynolds nrmiber waa lowered f r o m  9 -0 X 10 6 to 0.7 X 10 6 . 
The magnitude of this  increase appeared to beccane larger as -the thickness 
ratio of the NACA &-series airfoils was Increased. Decreasing the 
Reynolds nmber from 9 .O X 10 6 to 0.7 x 10 6 caused a reductim in the 
maximum lift of all the airfoils  both in the amooth  condition an& with 
rough leading edges. The magnitude and  character of this  reduction, 
however,  varied  with  airfoil  desiep md surface condition so that the 
comparative merits of the various airfoils changed markedly with 
Reynolds number end 3urface condition. Although the results  are not  
entirely  cansiatent, 8- decreases in the lift-curve slope of both the 
smooth and rough  afrfoils usually accompanied a reduction in Reynolds 
number.  Both  the angle of zero lift end the pitching moment appeared 
to be nearly independent of the Reynolds nmiber. 
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INTRODIETION 
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Two-dimensional  aerodyr,amic  data  corresponding  to Reynolds numbers 
6 of 3 .O, 6 .O, and 9 .O X 10 are now  generally  available  (reperence 1) for 

a rather large nmber of systematically derived NACA 6-series and 
4- and 5-digit-series a i r fo i l  sections.  Although the range of Reynolds 
number  covered by the investigation reported in reference 1 is 
reasonably  wide,  engineering  problems  such  aB may be  encountered in the 
deeim of personal-type  aircraft and helicopter  blades may require Satn 
for a range of Reynolds  nuni%ers  extending  below 3.0 x 10 6 

With a view  toward  providing a basis upon which to choose  airfoils 
f o r  such applications, an experimental  investigation  hae  been  made of 
the aerodynmic ch8racter:stics of a nmber of NACA airfoils  at  Reynolds 
numbers  varying  from 2.G x 10 to 0.7 x 10 . The  results of this 6 6 
inveatigation m e  presented in the  present  paper,  together  with the 
higher  Reynolds  number  data  of  reference -1 for  the same airfoils. 

The airfoils  for  which data are  presented  include four NACA 64-series 
sections,  cambered  for desi- lift  coefficients  of and two 
NACA 5-dlgit-series sections,  the NACA 23012 ana NACA 23015. The lfft, c 

drw, and pitching-moment  characteristic8 m e  presented fo r  each of  the 
smooth, plain  airfoils  at  seven  Reynolds  numbers  from 0.7 x 106 to 9.0 X 106. 
A sufflclent amount of data is also  presented to show the scale effect " 
upon  the  characteristics of the  airfoils  wLth  roughened  leacling edges an4 
simulated  split f l a p s .  
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. R Reynolds nmber, based on airfoil  chord ana free-stream  velocity 

The  airfoil  sections  for  which  experimental  result8 were obtalned 
are : 

HhCA 64-409 

EIACA 64,-413 
NACA 6k3-418 

NACA 641-412 

MACA 23012 
NACA 23015 

w These  airfoils m e  chosen  for  investigation  because, on the basis  of 
the data of reference 1, they  appeared to offer the best possibilitles 
f o r  applicatLons  where  the  requiremsnts  call for low drag, high  lift, 
and moderate  pltching moments, and  where  compressibility  effects a r e  
negligible.  Complete  descrLptIons of these a t r f o i l  sections,  inc1Uaing 
the  methods of derivation  and  theoretical  pAressure-distribution data, 
are  available in reference I. The ordinates of the six  airfolls teated 
are  presented in table I. 

I 

Models.- The 24-inch chord  models of the  six  alrfoil  sections 
tested  were  constructed of lamlnated mahogany. The surraces of the 
models  were painted wlth lacquer and then  sanded with number 400 
carborundm paper until aerodynmically anmoth. 

Wind tunnel ana test methods.- The experimental  investigation was 
made in the Langley two-dirnenslonal low-turbulence t m e l  (LTT). The 
test  section of t h i s  tunnel measures 3 feet bg 7.5 f e e t  w i t h  the  models, 
when mounted, completely spanning the 3-foot dfmension. The  Reynolds 
number 18 varled by means of the tunnel airspeed shce this  tunnel 
operates  at  atmospheric pressure only. Lift measure~nta are usually 

reaction upon the floor and ceiling of the tunnel (reference 2). 
Because of the small dyhsmic pressures  employed in the present 

I made in t h l s  tmel by taking the difference  of the fntegrated pressure 
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investlgation, however, m o r e  accurate measurements of the l i f t  w e r e  
obtainable Kith  the  three-conqonent  balance which is p a r t  of the  equip- 
ment of the  low-turbulence tunnel. The balance was therefore used for  
the l i f t  and pitching-moment tes ts   in   the  present  investigation. 

For t e s t s  using  the balmce, the models vere  supported  €n  the 
tunnel on trunnions extending through the  tunnel walls from the balance 
frame. A small gap vas allowed between the enris of the model snrl the 
tunnel walls to  insure freedom of movement of the balance.  Since air 
leakage  through  theae gap8 was considered as a possible  aource  of  error, 
l i f t  t e s t s  were made at Reynolds num3ers of 2.0 x 10 and 1.5 x 10 with 
the gaps first open .and then sealed. The measurements f o r  the gaps- 
sealed  condition were made with the tunnel  f l oo r  d ceiling  pressure 
or i f ices ,  and fo r   t he  gaps-open tests,  the  balance vas used.. Results 
obtained by the two methods agreed to  within  the exper!mental e r ror  
for   these  Reynolds numbers and would be  expected t o  agree  equally w e l l  
a t  the lower Reynolds numbers. 

6 4 

Comparative t e s t a  showed that more accurate measurements of the 
drag were possible  with  the wake-survey apwratus  than with the 
balance. Hence, al l  drag measurements were made by the mke-survey 
method (reference 2) with the gape between the model and tunnel wp,lls 
seale3. 

Testa.- The t e s t s  of each smooth a i r fo i l   cons is ted  of measurements 
of the l i f t ,  drag, and quarter-chord  pitchlng moment a t  Reynolds 
numbers of 2 .O X lo6, I .5 X lo6, 1 .O X lo6, and 0.7 X 10'. In  none of 
the   t es t s   d id  the Mach nmber exceed 0.13. Lift an& moment meaaurements 
at each of the four Reynolds numbers  were a l s o  made of the   a i r fo i l s  . 
equipped x i t h   0 . 2 0 ~  simulated a p l i t  flaps (reference 1) deflected &lo. 
In alldition, al l  of the measurements except  those of the  pitching 
momsnt were repeated with etan3ard roughness  applfed to the leading 
edges of the   a i r fo i l s .  The s t a n b r d  roughness employed was the  881118 

RE t ha t  used i n  previous investlgatims  (refer-ence I) an8 consisted 
of 0.011-inch-d€ameter carbarundum grains spread over a surface  length 
of 8 percent of the chord back from the  leading edge on the upper ani 
lower surfaces of the   a i r fo i l .  The grains were thinly spread t o  cover 
from 5 t o  10 percent of t h i s  mea. 

S u p p l m e n t m  t e s t s  were made i n  the Langley two-dimensional low- 
turbulence pressure tunnel (TIYT) a t  a Reynold8 number of 6 -0 x lo6 of 
the MACA 2'3012 an8 NACA 23015 equipped wi th   sp l i t  flaps. S z h  data are 
available in  reference 1 f o r  the o the r   a i r fo i l s  tested in the  present 
investigation, an4 were considered  necessaqy for the WACA 23012 an5 
NACA 23015 i n  order t o  campare arlequately the  tgpe of ecale  effect  shown 
by these   a i r fo i l s  w i t h  t ha t  of the  other four. . 
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The results are presented  (figs. 1 t o  6) in the form of 8tandard 
aerodynamic  coefficfents representhg the Lift, drag, and  quarter-chord 
pitching moment .  The Reynolds  number  rsnge  for  which  the  plain  airfoil 
data are presented  extends from 9.0 X IO6 to 0.7 X 10 and. includes the 
data obtained in the present investigatim for four Reynolds numbers 
from 2 .O x 106 to 0.7 x 106, and those f r o m  reference 1 for three Reynolds 
nmbers from 9.0 x lo6 to 3 .O x 10 D a t a  are  presented for the airfoils 6 
with  split flaps and with roughened leading edges at five  Reynolds nmtbera 
from 6 .o x lo6 to 0.7 x lo6. Frcm the quarter-chord  pitching-moment  data, 
the positim of the aerodpmlc center and the vaslation of the moment 
about this point were calculated and are presented. 

6 

The  influence of the  tunnel  boundaries has been removed from all 
the  aerodynemic data by meane of the following equations (developed in 
reference 2) : 

where  the p r h d  quantitiee  represent the coefffcients  measured in the 
tunnel 

Insofar as the scope of the experimental data permits, an analysis 
has been made of‘ the  effect of several airfoil parameters upan .the uay 
in which  the  important  aerodynamic  characteristics of the airfoils vary 
with Reynolds  number. As an aid to this  ansllysis,  cross plots are 
uaed showing eome of the aerodynamic  characteristics of the airfoils 
as a function of Reynolds number. 

\1 Drag.- The general form of the drag polars corresponding t o  the 
various Reynolds  numbere may be seen In figures 1 to 6 .  The prFncipal 
effects cm the drag of decreasing the Reynolda number fram 9.0 x 106 
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t o  0.7 x lo6 appear to  be a variat ion i n  w i d t h  of t h s  f la t  portion of 
the drag polars, an increase i n  value of the minimm drag  coefficient,  
and a steepening of the drag  curves beyond the f la t  portion of the 
pol-8. 

The extent of the  lift-coefficient  range  over which the NACA 
64-series  sections have low bag, corresponding to  extensive laminar 
flow on the  alrfoil   surfaces,   generally  increases a8 the Reynolds 
number i s  lowered. The greatest increase is evident in  the results for 
the 18-percent-thick  section,  but  the amomt of data available is  not 
sufficient t o  show whether or not the amount of increase varies in a con- 
sistent manner with airfol l - thickness   ra t io .  Following reductions  in 
the Reynolds nlnnber below 2 .O X 10 , some increase of drag with l i f t  6 
coeff ic ient  within the l O W - d r a g  range i a  ehown by the   resu l t s   for  all 
the a i r f o i l s  and is part icular ly  pronounced in the  drag  polars for the 
RACA 64,-415 sect ion  ( f ig .  3)  Unpublfshed data obtained at the Langley 
Laboratory have shown this behavior t o  be related  to  the  formation at 
the lower R e ~ n O l d 8  numbers of e laminar separation bubble beh:nd the 
poeit ian of m i n i m  pressure on the  upper surface of the a i r f o i l .  The 
increase  of drag x i t h  l i f t  i n  the low-drag range is explained by an 
Increase  in s i z e  of the bubble which is  caused by the  progreeeively 
more unfavoreble  pressure  gradients  over  the  airfoil. The effect  is 
magnified as  the Reynolds number decreases. 

Although the ra ther  high value of the mZnimum drag ehown  by the 
RACA 23012 and RACA 23015 a i r fo i l   sec t ions   ( f igs .  5 an3 6) precludes 
the  poesibil i ty of very  extensive  laminar boundary layers  on the a f r f o l l  
surfaces, the jog new  zero l i f t  which appeers in all of the drag polma 
f o r  these  sections suggests the formation of lamin= boundary layers.  
Theoretical  calculations  of the pressure  distribution aroma the 
MACA 23OU and NACA 23015 airfoil sections  indicate tha t  the pressure 
gradients  over the lower surfeces become fzvorable   to  lamfna~ flow a t  
l i f t  coeff ic ients  above a amall poaftive value. The Jog In the dreg 
po la r  near zero l i f t  corresponds,  therefore, t o  the format.ion of la insr  
layers on the lower  surface. A t  the h:gner l i f t  coeffic:ents,  the manner 
i n  which the drag increases above the   f la t   por t ion  of the polar depends 
markedly on the Reynolds number. Eetweon Remolds numhere of 9 .C x 10 6 
and 3.0 X 10 th6 drag rises  grad.ually. A t  the lower Reynolds numbers, 
the dreg r i s e  i s  preceded b> a jog which increases in intensity an4 
occurs a t  progresslvely  lower lift coeff ic ients  as the Reynolds number 
is rerluceii. Although botmdaqy-lqyer surveys were not made, the behavior 
of t h i s  jog &s the Reynolds number 'ls lowered s w e a t 8  the  formation of 
a laminar separation bubble near the leading edge of the upper surfece. 

6 

The drag polms f o r  the a f r f o i l s  w i t h  roughened lesding edges do 
not have a range of l i f t  coeff ic ients  over whlch the dreg, is essent ia l ly  
constant,  but  rather,  are of parebolic form. The lower  portion of the 
parabolas, over whtch the drag variation with l i f t  coeff ic ient  i s  leas t ,  
appears t o  became narrower f o r  all the airfoils as the  Remolds number 
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is  reduced,  except  at  the  lowest  Reynolds number (0.7 X lo6) . The 
Imhavior  of  the drag polarre at a Reynolds  number of 0.7 x 10 6 probably 
r e s u l t s  from the fact  that  the leading-eQe ro-ese  employed was not 
sufficiently large to came fully  developed  turbulent  boundary  layers at 
this low value of the  Reynolds  number. In the rough condit!on, airfoil- 
t&ichess  ratio does not appear to have a very  pronounced  effect upon 
the  lift-coefficient  range correspmding t o  the lower portion  of the drag 
polar, nor is there very  much  difference in this  range  for  the NACA 23012 
lead NACA 23015 airfoils  as  compared  to  the NACA 64-series  sections. 

* 

The  Reynolds num%er has a very  important effect upon  the  mfnfmum 
drag (figs. 1 to 6 )  of  the  afrfoils,  both in the smooth condiltion  end 
with  rough leading ectges. In order to show more  clearly  the mqnltude 
of  this trend, the  drag coefficimt corresponding to the  desi-  'IIft 
coefficient has been  plotted in figure 7 as a function  of  Reynolds nm- 
ber  for  each of the .  six airfoils tested.  The minimumdrag coefficient 
is seen  to  increase  with  decreasfng  Reynolds nmler for all the  airfoils, 
both smooth and rough,  but  the  ma@;nitude of the  effect seems to be 
greatest.when the leadfng edges of the  eirfolls are in the  rcu&  condition. 
The previously  mentioned  effect  of  roughness  size is probably  responsible 
for the drag reductim shown by t h e  results for the rough alrfoils at a 

increases  as  the Reynolds number is lowered  appears  to  became  larger as 
the thichess ratio of t h e  smooth NACA 64-series sections  increases. The 

I results for the two NACA 230-series airfoils do not  appear t o  fo l low this 
trend. On the basis of these  llmited  data  then,  the  advantage of using 
an NACA 64-series  airfoil  becomes less as the Repolds nutuber 18 lowered 
and the  airfoil-thiclmess  ratio I s  increesed. Ln the  rough  condition, 
there is little  difference In the minimum drag of the IFACA 64-serfes 
and NACA 230-series  airfoile. 

- Reynolds nmkr of 0.7 x 10 . The amount by  whlch  the  minimum drag 6 

Lift.- The lift parameters  which are w W 1 y  caneiaered to be the 
most  important are the  lift-curve slope, the angle of zero  lift, and the 
maximum  lift  coefficient. From the lift data presented  in figures 1 to 6,  
the  values  of  these parameters have  been  determined  at  each Reynolds 
number  for  the  six  airfoils tested,  and are plotted as a function of 
Remolds nmbr in figures 8 to 10. 

- 

According t o  reference I, the  lift-curve  slope is deffned as the 
slope of the lift curve as it passes through the design lift coefficient. 
Beceuse the l o w  d y n d c  pressures necessary in the present  inuestigetlon 
reduced  the  accuracy of the measuring apparatus, sorue scatter is present, 
in the lift data. For  this  re&son and because same of the lfft curves 
had slight Jogs near the  desfgn  lfft  coefficient  at  the  lower  Reynolds 
numbers,  comparable meesurements of the  lift-curve slope for  different 

The  lift-curve slopes of the  airfoils tested in this investigation  were 
therefore  consfdererl to be deflned by the best straight  line through 

correspondlng to all  the Reynolds numbers  from 9.0 X 10 6 to 0.7 The x s=oges 10 

1 Remolds numbers did  not  appear  possible  by  the method of reference 1. 

c the data between  zero-lift a@ the  design  lift  coefflclent. 
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were measured according t o   t h l s  procedure ana are presenta3  in fl-e 8 
as R function of Reynolds number. Some decreases  in  l if t-curve slope are 
seen t o  accompany a decrease i n  Reynolds nm%r f o r  all the smooth air- 
f o i l s  except the RACA a3-418. The l i f t -curve slope of t h i s  particular 
seckion seema t o  be nearly independent of  Reynolds number. The magnitude 
of the scale   effect  on the lift-curve  slope  increases somewhat,, particu- 
larly for the NACA 23012 anR XAC.9 23015, when the at r fol l   lesding edges 
are rough. 

Although the angles of zero l i f t  ahown in  f igure 9 for   the s i x  air- 
f o i l s  do increase somewhat in  a negative  direction as the Reynolh number 
is lowered, the msgnttude  of the   e f fec t  does not appear to be signif icant .  

The lift parameter which is most affected by variations in ,the 
Reynolds number is the meexirmnn lift coefficient.  In a l l  casea,  decreasing 
the Reynolds number from 9.0 X 10  to  0.7 X 10  caueea a reduction in the 
maxlmum l i f t  of t he   a i r fo i l s  (fig. 10) both in the smooth condition and 
~ t h  rough leading edges. The manner i n  which the maximum l i f t  of the 
a i r f o i l s ,  both smooth ana rough, varies with Reynolds number  and the magni- 
tude of this v a r i a t i m  depend upon the  a i r roi l   design Rnd upon the use of' 
a Rpfit  flap. A sufficient amount of data is not  available to permit the 
f o m u l a t h n  of detailed  conclusions regarding the   effect  of these pr-ra- 
meters upon the manner i n  whfch the maximmu l i f t  varies with Reynolde 
number. One important general ccmclusion, however, is evident from a 
study of the data presen5ed i n  figure 10. A consideration of these  data 
indicates that the compaative merits of a group of a i r f o i l s  based on 
data for a particular Reynolds n - m b r  and surface condition may chmge 
radically as the surface  condition and Reynolds mmber are varied. 

6 6 

Consider, for  example, the manner i n  which the  comparative  values 
of the maximum l i f t  of the NACA 64-409 and NACA 641-412 change a s  the 
Reynolds number is lowered  from 9.0 X 10 6 t o  0.7 X 10 6 Notlce a l s o  
that the rather  large advantage of the NACA 23012 as compsred t o  the 
KACA 6 4 1 - 4 ~  decreases and f ina l ly  van€shes a8 the  Remolds num3er 18 

progressively  reduced from 9.0 X 10 6 to 0.7 X 10 6 . The ef fec t  of surPace 
roughnesfl upon the comparison of t he   a i r fo i l s  is q u i t e  pTOnoUnceCf. For 
exElmple, in  the rough cordition,  the m a x l m u m  l i f t  of the BAC.4 23012 
becomes progressively  lese than that  of the NACA 641-412 as the Reynolds 
number i s  reduced and 1s actually less t han  tha t  of the NACA 64-409 
below 2.0 x 10 6 Also of  in te res t  i~ the  f ac t  k h a t  the decrement i n  maxi- 
mum llft aue t o  roughness decreases and fflvilly  dimppears a e  the 
Reynolds n m h r  of the thinner NAC.4 6-series eections 1s lowered t o  
0.7 X lo6, whlle a rather  large  decresse i n  the maximum l i f t  of the 
NACA 230-eeries  sectLons is caused by roughem, even at th€s low value 
of the Reynolde number With s p l i t  f laps  deflected boo, th5  data af 
figure 10 show tha t  the amount ami type of maxlmum-llft. variation with 
Reynolds number are  not  necessarily  the same as indicate& by the results 
for the  plain airfoils; and again,  the  comparative  values of the max:mua 

. 

. 
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lie f o r  the various airfoils with splIt f l a p s  are seen to change  wtth 
the  Reynolds n m b r  and  aurface  condition. - 

Pitching  moment and aerodynamic  center.-  The value of the  quarter- 
chord  pitchlng-moment  coefficient  corresponding to the design angle of 
attack shows practically no variatton with geynolds number ( f igs .  1 to 6 ) .  
Accompanying  changes in the  Reynold8 nm3er, sane change in the  variatton 
of the moment coefficient with angle of attack is notlceable. Conse- 
quently,  the  chordwise position of the aerodynsmic  center varies somewhat 
with  Reynolds  number. These varlations, however, do not appear  to form 
any conslstent  trend as the airfoil  thlclmess  and Reynolds number are 
varied. 

From an investigation of the  two-dimensional  aerodynamic  chsracter- 
istics of four NACA 64-serf~s and two NACA 230-series  airfoil  sections 
at  Reynolds nmbers from 9.0 x lo6 to 0 -7 X lo6, the following con- 
clusions may be drawn: - 

1. The minimum drag of each of the emooth airfofls  increased progres- 
sively as the  Reynolds  number was Lowered frcm 9.0 X 10 6 to 0.7 X LO 5 . 
ratio of the N M A  64-serles sections w a s  increased. 

- The magnttude of this  increase  appeared to become  larger as the thickness 

2 Decreasing the Reynolds nmber from 9.0 x 10 6 to 0.7 x 10 6 
caused a reductzon in the maximum 'Lift of all the airfoils  both in the 
smooth and rough cmfiit!an. The magnitude an3 character of this 
reduction, however, varied  with  airfoil  design and surface  ccmditian so 
that the  comparative  merits of the various airfoils  changed  markedly with 
Reynolds nmhr and surface condition. 

3 .  Although the results  are  not  entirely  consistent, some decxases  
in the  lift-curve slope. of both  the mGotI.1 ma rough sirfoils usually 
accompsnled R reduction in Reynolds number. 

4. Bot' the  angle of zero lift and the quarter-chord pitching 
m m n t  appeared  to  be nearly independent of variations in the  Reynolds 
nlmrber  between 9.0 x 10 and 0.7 x 10 . 6 6 

Langley Memorial  Aeronautical Laboretory 
Matiod Advisory Committee for Aeronautlca 

Langley Field, Va. 
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TAB= r 
ORDINATES OF HAOA AIRH)IL -IONS T- - 

Oonoludsd 

TAOA 2vl2 

(1Statlona and ordinates given in 
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Figure 7.- Variation with Reynolds number of aectlon drag 
ooefficlent at ozi for a nmber of NACA a i r f o i l s ,  both 
in the smooth oondition and with standard leadlng-edge 
roughness. 
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(a)  A i ~ f o i l e  s i t h  smooth surfaceti. 
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Figure 8.- Variation of section U t - c u m e  slope with Reynolas number 
for eeveral NACA a i r f o i l  sections. 
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Figure 10.- Variation of maximum cleation l i f t  aosff ic ient  w i t h  Reynolde 
number for a number of  W M A  a i r f o i l  m o t i o n s  both  with and without 
a p l i t  flaps and standard  leading-edge roughness. 
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